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ABSTRACT
The quasar 3C 286 is one of two compact steep spectrum sources detected by the Fermi/LAT.
Here, we investigate the radio properties of the parsec(pc)-scale jet and its (possible) asso-
ciation with the γ-ray emission in 3C 286. The Very Long Baseline Interferometry (VLBI)
images at various frequencies reveal a one-sided core–jet structure extending to the southwest
at a projected distance of ∼1 kpc. The component at the jet base showing an inverted spectrum
is identified as the core, with a mean brightness temperature of 2.8 × 109 K. The jet bends at
about 600 pc (in projection) away from the core, from a position angle of −135◦ to −115◦.
Based on the available VLBI data, we inferred the proper motion speed of the inner jet as
0.013 ± 0.011 mas yr−1 (βapp = 0.6 ± 0.5), corresponding to a jet speed of about 0.5 c at an
inclination angle of 48◦ between the jet and the line of sight of the observer. The brightness
temperature, jet speed and Lorentz factor are much lower than those of γ-ray-emitting blazars,
implying that the pc-scale jet in 3C 286 is mildly relativistic. Unlike blazars in which γ-ray
emission is in general thought to originate from the beamed innermost jet, the location and
mechanism of γ-ray emission in 3C 286 may be different as indicated by the current radio
data. Multi-band spectrum fitting may offer a complementary diagnostic clue of the γ-ray
production mechanism in this source.
Key words: techniques: interferometric – radio continuum: galaxies – quasars: individual:
3C 286
1 INTRODUCTION
An important observational result of the Energetic Gamma Ray Ex-
periment Telescope (EGRET) on the Compton Gamma-Ray Obser-
vatory (Fichtel et al. 1994) is the discovery that the majority of
the detected extragalactic γ-ray sources are identified as blazars,
consisting of BL Lacertae objects and flat-spectrum radio quasars
(Hartman et al. 1999). This was confirmed by the Large Area
Telescope (LAT) on the Fermi Gamma-ray Space Telescope which
found that active galactic nuclei (AGN) occupy a vast fraction of
the Fermi-detected sources (Abdo et al. 2010d) with 98% of γ-ray
AGN being identified as blazars (Acero et al. 2015; Ackermann et
al. 2015). A persistent short-timescale variability (from few hun-
dreds of seconds to days) of γ-ray flux, especially during a flaring
state indicates strongly beamed emission originating from a com-
pact region (e.g. Aharonian et al. 2007; Abdo et al. 2009). The
γ-ray emission in blazars is believed to originate in the synchrotron
self-Compton process where lower-energy photons from a highly
relativistic electron population are up-scattered by the same pop-
ulation, and in the external Compton process where external seed
photons from the accretion disk, broad line region clouds or the
torus are up-scattered by the relativistic electron population at the
jet base. Their discernible signatures can be inferred by modeling
⋆ Email: antao@shao.ac.cn
the AGN spectral energy distribution (e.g. Pian et al. 2002; Lind-
fors et al. 2005; Abdo et al. 2010) or from other observables such
as the relationship between photon energy density and the Doppler
factor (e.g. Fan et al. 2006).
Among the 1591 Fermi-detected AGN (Ackermann et al.
2015), thirty-two are non-blazar AGN, including two compact
steep spectrum (CSS) sources, fourteen radio galaxies, five narrow-
line Seyfert 1 galaxies and six other type AGN (recently reviewed
by Massaro et al. 2015). The CSS and GHz-Peaked-Spectrum
(GPS) sources constitute a significant fraction of compact radio-
loud AGN in flux density limited radio surveys (e.g. Giroletti &
Polatidis 2009) and are characterized by a steep spectrum and com-
pact source size (CSS <15 kpc, and GPS <1 kpc: Fanti et al. 1985;
Fanti 2009). The source 3C 286 is one of two identified unique
γ-ray emitting CSS sources. The other one is 4C +39.23B, but
its γ-ray source identification is suspicious since the γ-ray emis-
sion could arise from the nearby blazar 4C +39.23 (Massaro et
al. 2015). A detailed study of the jet properties (kinematics, mor-
phology, Doppler boosting factor) in 3C 286 will be helpful for
understanding the physical origin and location of the γ-ray emis-
sion from this compact misaligned AGN. By misaligned, we refer
to low power AGNs with weakly relativistic jets owing to larger
inclination angles towards the observer’s line of sight resulting in
low Doppler boosting, interpreted in terms of the AGN orientation
based unification scheme (e.g. Urry & Padovani 1995).
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The quasar 3C 286 (B1328+307, m = 17.3, z = 0.849, Co-
hen et al. 1977) is identified as a CSS quasar (Peacock & Wall
1982). The radio spectrum is constructed with data available from
the NED1. The shape indicates a steep radio spectrum (Figure 1)
with a spectral index of α = −0.61 (S ν ∝ να) between 1.4 and 50
GHz with a turnover at about 300 MHz, below which it is flat till ∼
75 MHz. The source is slightly resolved in the 1.7 GHz Very Large
Array (VLA) image, displaying a primary core and a secondary
lobe ∼ 2.6′′ (19.4 kpc) to the southwest (Spencer et al. 1989).
The radio flux density of the source is rather stable during a multi-
band radio monitoring study between 1994 and 1999 spanning 5.5
years (Peng et al. 2000). It is thus often used as a flux density cal-
ibrator owing to this high and stable radio flux density, and com-
pact size (Perley & Butler 2013). At even higher resolution and
higher frequency of 8.4 and 22.5 GHz, the source is resolved into
a core–double-lobe structure with a bright central component and
two lobes at 0.7′′ to the east and at 2.6′′ to the southwest (An et al.
2004), with an observed knotty morphology between the core and
southwestern lobe. In addition, high polarization has been detected
in this source at radio wavelengths (Akujor & Garrington 1995;
Lüdke et al. 1998), indicating typical properties characterising a
CSS quasar. The Hubble Space Telescope (HST) image shows a
compact bright nucleus associated with the radio core (de Vries et
al. 1997). A secondary fainter optical feature is seen at ∼ 10′′ east
of the quasar, roughly aligning with the eastern lobe and is likely
a lightened star forming region impacted by the expanding (relic)
radio jet or a distorted nucleus of the merging companion. Similar
observations have also been obtained in another well studied CSS
quasar, 3C 48 (Chatzichristou et al. 1999; Feng et al. 2005; Stock-
ton et al. 2007; An et al. 2010).
At pc scales, the Very Long Baseline Interferometry (VLBI)
images of 3C 286 display a complex elongated structure with two
embedded compact components that can be interpreted as either
core–jet or double hot spots (Zhang et al. 1994; Jiang et al. 1996;
Cotton et al. 1997; Kellermann et al. 1998). The VLBI structure
extends toward the southwest to a projected distance of 700 pc (94
mas, Zhang et al. 1994). High polarization and a perpendicular
magnetic field is detected in the inner 75-mas jet (Akujor & Gar-
rington 1995; Dallacasa et al. 1996; Jiang et al. 1996; Cotton et
al. 1997). The inner 10 mas region contains two compact compo-
nents, having comparable flux densities (Zhang et al. 1994). From
previous studies, it was unclear as to which component was asso-
ciated with the core from available data, as both components were
larger than typical VLBI cores of radio-loud AGN, and indicate
a stronger polarization compared to regular AGN cores. The jet
bends at ∼ 75 mas away from the brighter component identified as
C2 in Zhang et al. (1994), from a position angle P.A. of −135◦ to
−115◦, where a changing polarization angle is also indicated (Aku-
jor & Garrington 1995; Lüdke et al. 1998). The outermost portion
of the VLBI jet aligns well with the kpc-scale jet and lobe.
In section 2, the VLBI observations used for the morphology
and kinematics studies are summarized and the basic data reduction
procedure is reviewed. In section 3, we identify the core by inves-
tigating the spectral index and compactness of VLBI components
and infer the jet proper motion speed, and discuss the jet morpho-
logical characteristics at the pc and kpc scales. In section 4, the
observed VLBI jet properties and possible γ-ray emission mecha-
nism and sites as applicable to 3C 286 are discussed, followed by a
summary in section 5. A standard Λ-cold dark matter cosmological
1 http://ned.ipac.caltech.edu/
Figure 1. Radio spectrum of 3C 286. We only used the data observed with
single dish radio telescopes or connected element interferometers, which
reflect the flux density of the entire source. References for data points: (10,
22.25, 26.3, 38, 86, 178, 750) MHz and (2.7, 5.0, 10.7, 14.9) GHz (Laing
& Peacock 1980); 60 MHz (Aslanian et al. 1968); 74 MHz (Cohen et al.
2007); (80, 160, 178, 318, 365, 408, 750) MHz and (1.4, 2.7, 5.0) GHz
(Kuehr et al. 1981); (80, 160) MHz (Slee 1995); 151 MHz (Hales et al.
1988; Waldram et al. 1996); (235, 325, 610) MHz (Chandra et al. 2004);
1.4 GHz (White & Becker 1992; Mao et al. 2010; Bower & Saul 2011);
(2.6, 8.0) GHz (Rickett et al. 2006); (2.7, 10.45) GHz (Gabányi et al. 2007);
4.85 GHz (Gregory & Condon 1991); (4.85, 8.35, 10.45) GHz (Mantovani
et al. 2009); 15 GHz (Richards et al. 2011); (23, 33, 41) GHz (Bennett et
al. 2003); (23, 33, 41, 61) GHz (Wright et al. 2009); (23, 33, 41, 61) GHz
(Massardi et al. 2009); (23, 33, 41) GHz (Gold et al. 2011); 86 GHz (Agudo
et al. 2010); (86.9, 105.4, 136.2) GHz (Curran et al. 2004); (90, 230) GHz
(Steppe et al. 1995); 94 GHz (Chen & Wright 2009).
model with H0 = 73 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73
(Spergel et al. 2007) is employed in our study. At a redshift of
z = 0.849, 1 milliarcsecond (mas) angular size corresponds to 7.46
pc projected linear size, and the conversion from angular velocity
to projected linear speed is 1 mas yr−1 = 45 c.
2 DESCRIPTION OF VLBI DATA
The VLBI data used in this paper were obtained from the Very
Long Baseline Array (VLBA) archive 2. Table 1 summarizes the
observation frequencies and epochs. These observations have di-
verse setups and research purposes: a 2.3/8.6-GHz Very Long Base-
line Array (VLBA) project studying AGN core shift in which 3C
286 was used as a calibrator (project code: RDV23, RDV37 —
Sokolovsky et al. 2011), the VSOP pre-launch survey at 5 GHz
(project code: BH019 — Fomalont et al. 2000), the VLBA Cal-
ibrator Survey (VCS) program at 8.3 GHz3 (project code: BB023,
BF025 — Beasley et al. 2002; Petrov et al. 2008), the Moni-
toring Of Jets in Active galactic nuclei with VLBA Experiments
(MOJAVE)4 (project code: BK016, BK048, BL129 — Lister et al.
2009), and a VLBA water maser observation and two astrometric
observations of wobbling jets of blazars in which 3C 286 was used
2 https://archive.nrao.edu/archive/advquery.jsp
3 http://gemini.gsfc.nasa.gov/vcs/
4 http://www.physics.purdue.edu/astro/MOJAVE/index.html
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Table 1. Description of the archival VLBI observations used in this paper.
Code Frequency (GHz) Epoch Bandwidth (MHz)
BK016 15.3 1995 April 9 32
BB023 8.3 1996 May 15 32
BH019 4.9 1996 June 06 64
BF025 8.3 1997 January 11 16
BK048 15.3 1997 March 10 60
RDV23 8.6 2000 October 23 32
BS084 22.2 2002 July 1 32
BR077 15.3 2002 August 12 60
RDV37 8.6 2003 March 10 32
BL129 15.3 2005 June 22 64
BA082 22.2 2006 July 17 32
BK134 1.4 2007 April 30 32
BA084 22.2 2009 December 16 32
as a calibrator at 22 GHz (BS084, BA082, and BA084). The data at
various frequencies reveal structures at diverse size scales, as can
be seen in Figure 2.
The primary data reduction procedure including editing, am-
plitude calibration, ionosphere correction, and fringe fitting have
already been performed using the astronomical image processing
system (AIPS), developed by the National Radio Astronomy Ob-
servatory (NRAO), USA. We only performed a few iterations of
self-calibration in Difmap Shepherd (1994) to calibrate the resid-
ual phase and amplitude errors. After self-calibration, the (uv) visi-
bility data were fitted with several Gaussian components in Difmap
using the MODELFIT program.
3 RESULTS
Representative images at five frequencies, 1.4 GHz, 4.9 GHz, 8.3
GHz, 15.3 GHz and 22.2 GHz, are presented in Figure 2. In order
to identify and compare pc-scale emission structures with respect
to emitted flux density level (flux density variations and spectral
index), kinematic properties and their evolution with observational
epoch, the images at 4.9, 8.3 and 15.3 GHz have been restored with
the same beam size of 2.6 mas × 1.6 mas (full width at half max-
imum, FWHM). The 1.4 GHz images, restored with beam sizes
of 8.07 mas × 5.35 mas and a higher resolution 6.7 mas × 2.4
mas, respectively are instructive in the identification and study of
jet morphological structures at larger pc–kpc scales and are used
to compare our results with previous studies. The mapping results
and contour levels for all observations are summarized in Table 2
and results from Gaussian model fitting of clearly discernible com-
ponents C1 and C2 are presented in Table 5. The fit parameter un-
certainties were estimated considering model errors and using the
expressions presented in (Fomalont 1999), based on the post-fit
root-mean-square error associated with the image pixels. The un-
certainties in flux density are assumed to be 10 % and the errors in
position are assumed to be ∼ 1/5 of the beam size. We now dis-
cuss inferences that can be drawn from these images, and the flux
densities and kinematics from the component fitting.
The jet morphology at pc–kpc scales obtained from the 1.4
GHz image is presented in Figure 2-a which is constructed with a
natural weighting, showing a narrow ribbon-like structure continu-
ously extending to the southwest with a total extent of ∼120 mas,
corresponding to a projected linear size of 910 pc. The bending of
the jet from P.A. of −135◦ to −115◦ is evident at a distance of about
80 mas (600 pc). The overall morphology is consistent with that ob-
tained in 1991 by (Zhang et al. 1994). The integrated flux density
in Figure 2-a is 11.26 Jy, 20% lower than in the 1991 image, pos-
sibly attributable to long-term variability (duration ∼ 2 decades) or
only a fraction of extended emission being resolved in the current
data. The brightest region at the northeastern end of the continuous
emission structure appears marginally resolved at a resolution of
8.07 mas × 5.35 mas. The higher-resolution image in Figure 2-b is
constructed with the same restoring beam as that used for the 1991
image, i.e. 6.7 mas × 2.4 mas, and indicates a good agreement with
that presented by Zhang et al. (1994) which was obtained with
a full-track global VLBI array. Minor differences in appearance of
the images arise from the fact that the current image was made from
snapshot data resulting in the smooth underlying jet stream being
resolved to an extent. The image indicates that the main jet body is
resolved into a series of knots. The bright base is clearly resolved
into two components, C1 and C2 (here, we use the same labels as
Zhang et al. 1994), whose peak intensities are inferred to be 0.91
Jy beam−1 and 1.13 Jy beam−1 respectively, slightly brighter than
16 years earlier. The brightest components C1 and C2 are the most
probable locations of the core. A northeastern tip extends out from
component C1 which could be associated with a counterjet. Figure
2-c at 4.9 GHz reveals the detailed structure of the inner 20 mas
(150 pc) jet. This image is also characterized by knotty features
similar to the 1.4-GHz image. The components C1 and C2 are de-
tected at a separation of ∼6 mas along P.A.= −132◦, in agreement
with the imaging results at the same frequency in the literature in-
cluding the global VLBI array observations reported by Zhang et
al. (1994), the European VLBI Network (EVN) (Jiang et al. 1996)
and the VLBA (Cotton et al. 1997). Since the current data were
compiled in snapshot observations and owing to the lack of short
(uv) spacings, the weak and extended jet emission beyond 20 mas
is not well sampled. The flux densities of C1 and C2 are 0.38 Jy and
1.55 Jy, respectively, and the deconvolved sizes of C1 and C2 are
2.7 mas and 3.7 mas. Compared to the flux densities reported in the
early 1990s, C2 remains the same, but C1 appears to have weak-
ened. Figures 2-d and 2-e show the morphologies at 8.3 and 15.3
GHz, respectively. At these two higher frequencies, only the two
bright and compact components C1 and C2 are detected. The dif-
fuse jet downstream disappears owing to its steep-spectrum nature,
the higher frequency and high resolution of the images. The peak
intensities of C1 and C2 are the same at both frequencies, while
the integrated flux density of C1 is lower than C2 as C1 is more
compact. Figure 2-f shows the 22.2 GHz image in which only two
compact knots are detected with C2 being ∼ 1.5 times brighter than
C1.
4 DISCUSSION
The flux densities of components C1 and C2 as a function of ob-
servation frequency are presented in Figure 3. Considering that the
VLBI features show moderate-level variability at high frequency
(see Table 5), we only included data points at close epochs from
available archival data. The component C2 shows a steep spectrum
with a spectral index of α = −1.4. This is a typical value for an
optically thin jet, indicating that C2 is a jet knot. The component
C1 shows an inverted spectrum with a turnover between 5 and 8
GHz, implying an absorption (either synchrotron self-absorption
or free-free absorption). Based on the spectral properties, albeit de-
rived from non-simultaneous observations, and the moderate-level
variability, we may infer that the core is associated with the com-
ponent C1. Besides, C1 is more compact than C2 at all epochs and
frequencies, as is evident from Table 5, providing additional sup-
c© 0000 RAS, MNRAS 000, 000–000
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a) 1.4GHz
500 pc
b) 1.4GHz
NE
C1
C2
W1
c) 4.9GHz
C1
C2
d) 8.3GHz
C1
C2
e) 15.3GHz
C1
C2
50 pc
f) 22.2GHz
Figure 2. Radio emission structure of 3C 286 on pc scales. Panel a: the natural-weighting image; panel b: the uniform-weighting image. The ellipse at the
left-bottom corner in each panel shows the restoring beam. The image parameters are listed in Table 2. The image centers have been shifted to the position of
the core (C1).
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Table 2. Image parameters in Figure 1.
Figure Epoch Band S peak Contours Beam FWHM and P.A.
Label (yr) (GHz) (Jy beam−1) (mJy beam−1) (mas×mas, ◦)
Fig. 2a 2007.33 1.4 1.71 6.0×(−1,1,2,. . .,64) 8.1×5.4, −15.9
Fig. 2b 2007.33 1.4 1.13 6.0×(−1,1,2,. . .,64) 6.7×2.4, −15.0
Fig. 2c 1996.43 4.9 0.41 6.0×(−1,1,2,. . .,64) 2.6×1.6, 0
Fig. 2d 1997.03 8.3 0.27 15.0×(−1,1,2,. . .,16) 2.6×1.6, 0
Fig. 2e 1995.27 15.3 0.24 5.0×(−1,1,2,. . .,32) 2.6×1.6, 0
Fig. 2f 2006.54 22.2 0.17 4.0×(−1,1,2,. . .,32) 0.8×0.5, 0
port to its identification as the core. The use of higher-frequency
and higher-resolution data thus provides confidence in the evidence
for the core identification. The brightness temperature of C1 ranges
from 0.7×109 to 9.0×109 K, with a mean value of 2.8×109 K. This
core brightness temperature is remarkably lower than that for the
flat-spectrum radio-loud AGN which have typical core brightness
temperatures ranging from 1011−13 K (e.g. Kovalev et al. 2005).
The relatively lower brightness temperature of C1, compared to
typical radio-loud AGN cores, may indicate that the core is likely
beamed away from the observer (also see the illustration in Cotton
et al. (1997)).
Figure 4 shows the time evolution of the separation between
C2 and C1. The dashed line is a linear fit to the data from which we
infer a proper motion (slope) of 0.013±0.011 mas yr−1, correspond-
ing to a linear speed βapp = 0.6±0.5. The fit indicates a large uncer-
tainty, which in fact reflects the heterogeneity of the observational
data: inhomogeneous choices of observation frequencies, different
resolutions and uv coverage. In addition, the small number of the
data points could also contribute to the large statistical error of the
sparsely distributed data points. Several measures have been made
to minimize this heterogeneity, including the use of only 8.3, 15.3
and 22.2 GHz data, which have similar resolution; the setting of a
common lower limit of the uv range, with the deletion of visibili-
ties below it so that model fitting is less contaminated by extended
emission; and least-square fitting by using the same-frequency data
(though they are fewer), such that the derived results from data in
the above three frequency bands are consistent. With the available
data and accounting for all the mentioned sources of errors, the re-
sulting proper motion is the best estimate for this source. Additional
data points from future observations can improve the accuracy of
this estimate.
As discussed above, if C1 is the core, then βapp = 0.6 is the
apparent jet advancing speed. For two-sided jets, Doppler boosting
enhances the apparent brightness of the advancing jet, and dims the
receding one. The flux densities of C2 and the NE components indi-
cate a clear demarcation, possibly as the NE component is receding
away and is hence, Doppler de-boosted. In addition, it is inferred
that NE and C2 are at similar distances from C1 indicating that NE
can be identified as the counterjet. The jet-to-counterjet intensity
ratio (e.g. Lind & Blandford 1985) is given by,
J =
S j
S cj
=
(
1 + β cos θ
1 − β cos θ
)n+α
, (1)
where β is the true jet speed, θ is the inclination angle towards the
observer’s line of sight, S j is the flux density in the approaching
jet, S cj is the flux density of the counterjet and the index n = 3
for a resolved jet knot and n = 2 for a continuous flow. From the
measured flux density of the counterjet component NE (∼ 0.07 Jy)
and the jet component C2 (1.55 Jy) that are at similar, opposite
distances from the core, we obtain J = 23. Using the measured
α = 1.4 (for the steep spectrum component C2) and n = 3, we get
β cos θ = 0.34. From the apparent proper motion speed
βapp =
β sin θ
1 − β cos θ
, (2)
the inclination angle θ = 48◦, the jet speed β = 0.5 and the bulk flow
Lorentz factor is ∼1.2. Taking the upper limit of the apparent speed
β = 1.1 into the calculation, we get θ = 65◦, β = 0.8 and Lorentz
factor ∼ 1.7. The 3C 286 jet is among the fastest in the high-power
compact symmetric objects (CSOs) and CSSs, consistent with the
conclusion that a CSO with a faster jet tends to be brighter in radio
(An et al. 2012; An & Baan 2012). On the other hand, the in-
ferred jet speed and Lorentz factor are significantly lower than that
in γ-ray blazars, which generally host highly relativistic jets, often
displaying superluminal motion (e.g. Jorstad et al. 2001). This im-
plies that the 3C 286 jet could be intrinsically different from the
blazar jets, possibly in the launching region or acceleration zone
properties or in the jet composition.
Most Fermi-detected AGN are characterized by strong rela-
tivistic beaming. The observed properties of the majority of γ-ray
AGN include compact cores, high core brightness temperatures,
rapid and prominent variability, high Lorentz factor and appar-
ent superluminal jet speed (e.g. Homan et al. 2006; Hovatta et
al. 2009; Lister et al. 2011). The γ-ray emission from blazars
is generally interpreted by a single-zone jet model in which γ-rays
are produced in the innermost relativistic jet via synchrotron self-
Compton process (e.g. Maraschi et al. 1992) or by the Compton
up-scattering of external seed photons from the disk and torus, as
explained earlier. However, unlike blazars, the misaligned sources,
i.e., the non-blazar AGN are not strongly beamed and their jet is not
extremely relativistic. Thus, models for production of γ-ray emis-
sion from blazars may not be applicable for CSO and CSS sources,
necessitating the exploration of other possibilities. For example, ex-
tended γ-ray emission was also detected from Cen A lobes Abdo
et al. (2010c), which is interpreted as the inverse Compton scat-
tering of the cosmic microwave background photons by the rela-
tivistic electrons injected by the jets into the lobes. Although there
are some predictions of high-energy emission from compact radio
sources in hard X-ray and γ-ray energy bands, it is still unclear why
there is a deficiency of misaligned compact radio sources (CSOs,
CSSs) among Fermi/LAT-detected AGN as theoretical calculations
indicate that γ-ray emission is expected from CSO and CSS (e.g.
Stawarz et al. 2008; Kino et al. 2009a,b; Migliori et al. 2014).
In these scenarios, the relativistic electrons accelerated in and in-
jected from the hot spots to the CSO lobes can up-scatter the ultra-
violet photons originating from the accretion disk to GeV energy
range (e.g. Stawarz et al. 2008). Alternatively, Bremsstrahlung
emission from the shocked plasma created by the expanding co-
coon of the young radio sources (CSO and CSS) may also sig-
c© 0000 RAS, MNRAS 000, 000–000
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nificantly contribute to the high-energy emission (e.g. Kino et al.
2009a). Until now, there are only a few identified γ-ray emitting
CSO and CSS and candidates, including 4C +55.17 (McConville et
al. 2011), PMN J1603−4904 (Müller et al. 2014), 2234+282 (An
et al. 2016a), PKS 1718−649 (Migliori et al. 2016), 0202+149
(An et al. 2016b), 4C +39.23B, and 3C 286 (the present work).
The main obstacle in detecting isotropic γ-ray emission generated
in the lobes or cocoons of misaligned AGN is that they require high
sensitivity observations. Since the electron density and temperature
are much higher in the young radio lobes than in older ones, the
youngest and most compact radio galaxies are much easier to de-
tect as γ-ray emitters (Kino et al. 2009a).
3C 286 has been a target of interest as a compact radio quasar
in 1980s and 1990s, owing to its stable flux density enabling its
use as a calibrator source. The source was detected in the 100 MeV
– 100 GeV energy range with a γ-ray flux of 4.1 × 10−12 erg cm2
s−1 (Acero et al. 2015) in Fermi-LAT observations. As discussed
above, the jet may not contribute significantly to the γ-ray emission
in this source. Instead, a main contributor to the γ-ray flux could be
the interaction between the mildly relativistic advancing jet and the
interstellar medium which results in the shock heating of the gas
at the interface resulting in the extended γ-ray emission. A propa-
gating shock in a relativistic jet tends to transfer its kinetic energy
into thermal energy, given by Eth. = kT ∼ 316 mhβ
2c2 (Frank et al.
2002), where mh is the mass of the proton which constitutes the
shocked gas. The heated post-shock subsonic gas temperature here
corresponds to T ∼ 5 × 1010 K for β = 0.07 at the kpc scale. This
heated gas can emit MeV photons over short durations assuming
that the gas density is sufficiently high and that the cooling time is
appropriate to enable this. Further, recent studies focused on the de-
tection of CSOs indicate that MeV–GeV emission can be produced
also through the up-scattering of circum-nuclear infrared to ultra-
violet photons by relativistic electrons in the compact, expanding
radio lobes, such as in PKS 1718−649 (e.g. Migliori et al. 2016).
A SED fit of 3C 286 from radio to γ-ray bands may offer evidence
to distinguish between these models.
The studies of γ-ray emission from non-blazar AGN is partic-
ularly important for understanding the physical origin and compo-
sition of the extragalactic γ-ray background (EGB) in GeV energy
bands which remains an unsolved fundamental question in astro-
physics (see a recent review by Fornasa & Sánchez-Conde 2015).
In spite of the observation that blazars constitute the dominant
population amongst the extragalactic γ-ray sources, the contribu-
tion of the point-like blazars to the GeV diffuse γ-ray background
is still not well understood (Kneiske 2008). Some early studies
found that blazars can account for the entire EGB observed by
EGRET (e.g., Stecker & Salamon 1996). However, the high sen-
sitivity of Fermi, offering an opportunity to detect fainter sources
than EGRET (Acero et al. 2015), led to the discovery of many
non-blazar sources including starbursts and radio galaxies (Abdo
et al. 2010a). Recent investigations of the composition and contri-
bution of the γ-ray emitters, especially in the energy range < 100
GeV even implied that unresolved blazars only contribute ∼ 20%
of the diffuse EGB (e.g., Mücke & Pohl 2000; Abdo et al. 2010b;
Stecker & Venters 2011; Ajello et al. 2015). According to the
orientation-based unification schemes of radio-loud AGN, blazars
are a sub-population with a relativistic jet pointing very close to the
observer’s line of sight (Urry & Padovani 1995). Misaligned AGN,
including the current source, 3C 286, with jets possibly beamed
away from the observer’s line of sight are less luminous but are
more numerous than blazars. They could thus contribute signifi-
cantly to the isotropic EGB at the MeV–GeV energies.
Figure 3. Flux density as a function of observing frequency for components
C1 and C2 in the VLBI images.
Figure 4. Proper motion of the jet component C2. The dashed line rep-
resents the least-squares linear fit. The slope of the fit corresponds to the
proper motion of 0.013 ± 0.011 mas yr−1.
5 SUMMARY
The pc-scale radio properties of the γ-ray quasar 3C 286 are inves-
tigated in detail. The radio core is for the first time identified from
its compact structure detected in high-frequency, high-resolution
VLBI images and its inverted radio spectrum. With the available
data, we obtained a jet proper motion of 0.6 ± 0.5 c, resulting in
a jet speed of ∼ 0.5 c and an inclination angle of ∼ 48◦. Large
proper motion values are excluded by the data. Improving the ac-
curacy requires more VLBI observations at the same frequency
(e.g., 15 GHz) over a sufficiently long duration. This preliminary
proper motion measurement implies a mildly relativistic, sublumi-
nal jet moving at a moderate inclination angle. Considering the low
Lorentz factor and low beaming effect of the jet, γ-ray emission
from 3C 286 and other non-beamed compact AGN may have dif-
ferent origin from blazars where the γ-ray emission mainly origi-
nates from the inner beamed relativistic jet. Multi-band SED fitting
may provide complementary support to this argument. Other phys-
c© 0000 RAS, MNRAS 000, 000–000
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ical mechanisms must be considered to discern the production sites
of γ-ray emission in the misaligned compact AGN population, in-
cluding expanding lobes and cocoons, and the shocks created from
the interaction of the jet with the surrounding ambient medium.
Although the sample size of observed γ-ray CSO and CSS sources
is still small due to the insufficient sensitivity of γ-ray telescopes,
these compact misaligned sources constitute a very interesting class
of γ-ray emitters. Owing to the effectively larger emission surface
area and the expected number of events, these compact young radio
sources are expected to contribute in part to the diffuse extragalactic
γ-ray background.
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